Background {#Sec1}
==========

Hemoarthrosis or intra-articular bleeding caused by joint trauma such as ligament rupture or intra-articular fractures leads to the various long-term problems and disorders such as joint pain, joint swelling, stiffness and decreased range of motion, joint deformity, and dysfunction \[[@CR1]\]. Synovial tissues play important and critical roles in the situation of blood-induced joint disorders have been reported \[[@CR1], [@CR2]\]. In experimentally model of hemoarthrosis, proliferation and hypertrophic change of synovial tissue, neovascularization, and a perivascular acute inflammatory reaction were confirmed at the initial stage. At the end-stage of hemoarthrosis, the joint is characterized by a breakdown of articular cartilage, joint effusion, formation of fibrous tissue, and secondary osteoarthritis. On the other hand, not only repeated hemoarthrosis, but also even a single issue of intra-articular hemorrhage following trauma that frequently occurs in the cases of sports injuries, may cause irreversible joint damage. Moreover, exposure of articular cartilage to low concentrations of blood for a period as short as 2 days has also been confirmed to induce the irreversible cartilage damage \[[@CR3], [@CR4]\]. However, the pathomechanisms of blood-induced joint damage is still unclear in detail.

Roosendaal et al. examined the effects and mechanisms of blood-induced joint damage in vivo and in vitro study; which blood components contribute to the cartilage damage. They reported that erythrocytes play critical and important roles in blood-induced joint disorder and this effect was independent of cytokine production \[[@CR5]--[@CR7]\].

Articular cartilage is constituted of small numbers of chondrocytes which were embedded in large amount of extracellular matrix containing collagen and aggrecan. The extracellular matrix of the articular cartilage provides the essential biomechanical characteristics for joint motion. For example, the important function of resisting compressive force is provided by aggrecan, a large proteoglycan \[[@CR8]\]. Degeneration of aggrecan is a critical event in articular cartilage destruction \[[@CR9]\].

Aggrecanases are members of the ADAMTS family (A disintegrin and metalloprotease with thrombospondin motifs), and are the principal enzymes responsible for aggrecan cleavage in the initial events of cartilage turnover \[[@CR9]\]. Aggrecanase-mediated aggrecan degeneration is also a key and critical event in initial-stage osteoarthritis. 19 ADAMTS genes numbered 1 to 20 were already identified in mammalian genomes; the designation ADAMTS-11 is excluded because it was already identified as ADAMTS-5, previously \[[@CR10]\]. Many members, such as ADAMTS-1, −4, −5, 8, −9, −15, −16, and −18, have been reported to cleave aggrecan \[[@CR8]--[@CR12]\].

Previously, it has been reported that hemoglobin (Hb) stimulates urokinase type plasminogen activator (uPA), matrix metalloproteinase (MMP)-2, and MMP-9 expression by cultured fibroblasts and synovial cells, indicating that Hb contributes to the cellular functions management \[[@CR4], [@CR13]\]. Based on these findings, Hb may play critical and important roles to enhance the expression of proteinases from synovial cells, leading to the destruction of the extracellular matrix of the cartilage. The present study was designed to verify the hypothesis described as above by evaluating the influence of Hb on ADAMTS family activity produced by cultured human synovial cells.

Methods {#Sec2}
=======

Materials {#Sec3}
---------

Human Hb: Sigma Chemical Co. (St. Louis, MO, USA); anti-human ADAMTS-5 polyclonal antibody: CEDARLANE Co. (Burlington, Ontario, Canada); Anti-human ADAMTS-8 and -10 polyclonal antibodies: Biorbyt Ltd. (Cambridge, UK); anti-human ADAMTS-9 polyclonal antibody: Sigma; biotinylated link universal streptavidin-HRP secondary antibody and detection system: Dako Co. (Denmark); ELISA kit for ADAMTS-5, −9: Cloud-Clone Corp. (Katy, TX, USA).

Cell culture {#Sec4}
------------

Synovial tissues samples were obtained from five young patients who had confirmed meniscus injuries according to clinical and magnetic resonance imaging findings. All patients had previously undergone arthroscopic surgery due to pain and functional impairment. The mean age of patients was 14 years (range: 10--16).

Synovial tissues samples were obtained in the operating room under sterile technique and stored in phosphate buffered saline (pH 7.4), immediately. The samples were cut into small pieces at the laboratory under sterile condition, and cultured in T75 flasks (5% CO~2~ in air, 37 °C, pH 7.4), within 1 h of dissection \[[@CR4]\]. The culture medium consisted of Dulbecco's modified Eagle's medium, nutrient mixture F-12 HAM, 10% heat inactivated fetal calf serum (FCS), penicillin (100 U/ml), and streptomycin (100 mg/ml), according to the previous report \[[@CR4]\]. Primary cultures of the samples; human knee synovial tissues were treated with different doses of human Hb (0, 25, 50, 100 μg/ml). The culture media were collected 24 h after Hb-treatment. In the time-course studies, cells were treated with 100 μg/ml Hb and culture media were taken at 6, 12, and 24 h (Fig. [1](#Fig1){ref-type="fig"}). The passage 4 or 5 cultured cells were employed in the present study for both Hb-free control and Hb-treated group. Before all investigations, cells were grown in 6-well plates in 2 ml of culture medium without FCS for 24 h. The cultured synovial cells were incubated with various doses of reagents diluted with 1 ml of FCS-free culture medium for the proposed periods. After collection of the conditioned medium, samples were centrifuged at 8000×*g* to remove cell debris, and were stored at −70 °C until assay.Fig. 1Flowchart of the present study. Human knee synovial tissue was obtained from five patients under arthroscopic surgery. After primary culture, several doses of Hb-treatment were administered. The culture medium was used for Western blotting and ELISA analysis for time-course and dose-dependent studies. Cells were used for real-time PCR analysis of the time-course study. The results shown are typical of several independent experiments (*N* = 6). Hb: hemoglobin. ELISA: Enzyme-Linked Immunosorbent Assay. Real-time PCR: Real-time polymerase chain reaction

Western blot analysis {#Sec5}
---------------------

To identify suitable doses of Hb responsible for aggrecanase activity at 24 h, we performed Western blot analysis as a preliminary examination, and to identify suitable incubation times for Hb to cause aggrecanase expression at 100 μg/ml, Western blotting of samples from various time-points was also performed. Samples (10 μl) were applied on SDS-PAGE (10% separating gel, and 5% stacking gel). Broad-range pre-stained protein markers were also applied, and electrophoresis performed for nearly 1.5--2 h in electrode buffer containing of Tris aminomethane, glycine, and 0.1% SDS. After electrophoresis was completed, gels were transferred onto polyvinylidene difluoride membranes, based on the previous report of Burnette \[[@CR14]\]. Block Ace was employed for blocking the non-specific binding of immunoglobulin. The transferred membranes were incubated overnight with various primary rabbit anti-human ADAMTS polyclonal antibodies diluted 1:100--500 at 4 °C; ADAMTS-5, −8, −9, and −10, respectively. After washing the membranes extensively, the membranes were incubated with anti-rabbit, mouse, or goat IgG biotinylated link universal streptavidin-HRP secondary antibody for 1 h at room temperature. The Western blotting detection system was employed for detection of protein bands, based on the instructions of manufacture.

Enzyme-linked Immunosorbent assay (ELISA) {#Sec6}
-----------------------------------------

The levels of ADAMTS in the conditioned media were measured by ELISA according to the manufacturer's instructions.

Quantitative polymerase chain reaction (real-time PCR) {#Sec7}
------------------------------------------------------

Total RNA was purified from cultured cells using an RNeasy kit (Qiagen, Valencia, CA, USA), and then converted to cDNA with Moloney murine leukemia virus reverse transcriptase (Invitrogen, Carlsbad, CA, USA). Real-time PCR (Stepone Plus, Applied Biosystems Co., Carlsbad, CA, USA) was performed on each sample for the expression of the ADAMTS-5 and ADAMTS-9 gene. The oligonucleotides used for the PCR amplification of each cDNA are summarized in Table [1](#Tab1){ref-type="table"} \[[@CR15], [@CR16]\]. Endogenous β-actin gene levels were used for normalization and the expression level of each gene was determined using the ΔΔCT method. For relative quantification, results were presented as the relative expression with respect to the value to the 6 h Hb-free control.Table 1List of primers used for real-time PCRTargetSequence (5′ → 3′)ADAMTS-5 senseCAAGCGTTTAATGTCTTCAATCCTTAADAMTS-5 antisenseACTGCTGGGTGGCATCGTADAMTS-9 senseGGACAAGCGAAGGACATCCADAMTS-9 antisenseATCCATCCATAATGGCTTCC

Statistical analysis {#Sec8}
--------------------

Statistical comparisons between each group were performed using paired *t*-tests. Analysis was performed using the statistical software package Ystat 2004 (Igaku Tosho Shuppan Co., Ltd., Tokyo, Japan). The level of significance was set at *P* \< 0.05.

Results {#Sec9}
=======

Western blotting analysis of control and Hb-treated media {#Sec10}
---------------------------------------------------------

To identify the proteins responsible for the aggrecanase expression that appeared 24 h after treatment with varying doses of Hb (25, 50, and 100 μg/ml), we performed Western blotting employing antibodies against human ADAMTS-5, −8, −9, and −10 (Fig. [2a](#Fig2){ref-type="fig"}). The results showed that the expression of ADAMTS-5 in Hb-treated media was found as a single band of 73 kDa, and ADAMTS-9 was found as a single band of 66 kDa in both control and Hb-treated medium, although defined dose-dependency effect was not confirmed.Fig. 2Western blot analysis for ADAMTS-5, −8, −9, and −10 produced by cultured human synovial cells. **a**: Dose-dependency study. Confluent cells were incubated with or without Hb for 24 h, then the conditioned media was collected. M: marker, C: control (without Hb); 25, 50, and 100 μg/ml of Hb were administered. The collected media was analyzed by Western blotting using antibodies against ADAMTS-5, −8, −9, and −10. **b**: Time-course study. Confluent cells were incubated with 100 μg/ml Hb, the conditioned media were collected at 6, 12, and 24 h

In the time-course study, the immunoreactivity against ADAMTS-5 and -9 in Hb-treated medium was observed as a single band of 73 and 66 kDa, respectively. Peak immunoreactivity was found at 24 h for both ADAMTS-5 and -9 (Fig. [2b](#Fig2){ref-type="fig"}). Neither control nor Hb-treated medium showed immunoreactivity against ADAMTS-8 or −10.

ELISA analysis of control and Hb-treated media: Dose-dependency study {#Sec11}
---------------------------------------------------------------------

To identify a suitable dose of Hb to induce aggrecanase activity at 24 h, we performed ELISA analysis for ADAMTS-5 and -9 expression. Levels of ADAMTS-5 and -9 in 25, 50, and 100 μg/ml Hb-treated groups were significantly increased compared with the control, respectively (*p* \< 0.05) (Fig. [3a](#Fig3){ref-type="fig"} and [b](#Fig3){ref-type="fig"}). There were no obvious differences between the Hb-treated groups in spite of the different concentrations of Hb.Fig. 3ELISA analysis for dose-dependency study of ADAMTS-5 and -9 produced by cultured human synovial cells. **a**: ELISA analysis for the dose-dependency response of ADAMTS-5 to Hb. Confluent cells were incubated with various concentrations of Hb (0, 25, 50, and100 μg/ml), then the conditioned media were collected at 24 h. The level of ADAMTS-5 significantly increased even at 25 μg/ml compared with the control (*p* \< 0.05). **b**: ELISA analysis for the dose-dependent response of ADAMTS-9 to Hb. ADAMTS-9 was highly expressed at 25, 50, and 100 μg/ml significantly after Hb stimulation (*p* \< 0.05). There were no Hb dose-dependent effect for ADAMTS-5 and -9 expression by cultured human synovial cells

ELISA analysis of control and Hb-treated media: Time-course study {#Sec12}
-----------------------------------------------------------------

To identify the proteins responsible for aggrecanase activity at 6, 12, and 24 h after Hb-treatment (100 μg/ml), we performed ELISA employing antibodies against human ADAMTS-5 and -9. The levels of ADAMTS-5 and -9 in the conditioned medium revealed significantly increased expression at 6, 12, and 24 h in the Hb-treated group compared with the control group (*p* \< 0.05) (Fig. [4a and b](#Fig4){ref-type="fig"}). ADAMTS-5 showed time-course dependency in the Hb-treated groups. On the other hand, there was no obvious difference in the results of ADAMTS-9 between 6, 12, and 24-h Hb-treated groups.Fig. 4ELISA analysis for time-course study of ADAMTS-5 and -9 produced by cultured human synovial cells. **a**: ELISA analysis for the time-course response of ADAMTS-5 to Hb. Confluent cells were incubated with or without Hb (100 μg/ml), then the conditioned media were collected at 6, 12, and 24 h. The level of ADAMTS-5 showed time-course dependency, and there was significantly higher expression at 6, 12, and 24 h after Hb stimulation (*p* \< 0.05). **b**: ELISA analysis for the time-course response of ADAMTS-9 to Hb. ADAMTS-9 was highly expressed at 6, 12, and 24 h significantly after Hb stimulation compared with the control. (*p* \< 0.05)

Hb induces ADAMTS gene expression {#Sec13}
---------------------------------

The mRNA expressions of ADAMTS-5 and -9 upon Hb stimulation were examined in a time-course study. Synovial cells were cultured in the presence and absence of Hb (100 μg/ml), and the results showed that the mRNA levels of ADAMTS-9 were significantly enhanced at 12 and 24 h (*p* \< 0.05). The mRNA levels of ADAMTS-5 were not significantly enhanced by Hb (Fig. [5a](#Fig5){ref-type="fig"} and [b](#Fig5){ref-type="fig"}).Fig. 5Gene expression of ADAMTS-5 and -9 mRNA. **a**: The time-response of ADAMTS-5 mRNA to Hb. Human synovial cells were cultured in the presence or absence of Hb (100 μg/ml). There were no significant differences between control and Hb treatment groups at each time. **b**: The time-response of ADAMTS-9 mRNA to Hb. ADAMTS-9 mRNA expression was significantly higher at 12 and 24 h after Hb stimulation. (*p* \< 0.05)

Discussion {#Sec14}
==========

Recent studies have found that ADAMTS-5 and -9 play an important pathological role in matrix degeneration; for example, ADAMTS-5 contributes to intervertebral disc and articular cartilage degeneration \[[@CR10], [@CR11], [@CR17]--[@CR20]\], and ADAMTS-9 contributes to arthritis, breast cancer metastasis, and central nervous system pathologies \[[@CR10], [@CR15], [@CR21], [@CR22]\]. Moreover, both ADAMTS-5 and -9 cause turnover of proteoglycans in liver fibrosis \[[@CR23]\]. Previously, in an animal study, the combined proteolytic activities of ADAMTS-5 and -9 were found to be required keeping extracellular matrix proteolysis above the threshold required for web regression \[[@CR10]\]. ADAMTS-8 can cleavage hyaluronan-binding chondroitin sulfate proteoglycan extracellular proteins \[[@CR10]\], and that can also exert as an anti-angiogenic factor \[[@CR10]\]. Because of such multiple functions and abilities of ADAMTS-8, we sought to investigate the role of ADAMTS-8 in the present study. In contrast, ADAMTS-10 has been reported to contribute to the connective tissue disorder including joint stiffness and cardiac valve stenosis \[[@CR10]\]; this protein can bind to fibrillin-1 and -2 and promote microfibril formation in the extracellular matrix, and this function may be independent of protease activity was reported \[[@CR10]\]. Therefore, we employed ADAMTS-10 as a contrast of aggrecanase in the present study.

Our preliminary examination found that Hb induced the secretion of ADAMTS-5 and -9 by cultured synovial cells. Dose-dependency studies indicated that Hb induced significant expression of these aggrecanases even at concentrations as low as 25 μg/ml \[Fig. [3a](#Fig3){ref-type="fig"} and [b](#Fig3){ref-type="fig"}\]. Time-course studies showed that Hb significantly induced the expression of ADAMTS-5 and -9 at 6, 12, and 24 h \[Fig. [4a](#Fig4){ref-type="fig"} and [b](#Fig4){ref-type="fig"}\]. These enzymes cleave the aggrecanase-specific Glu373-Ala374 bond in the interglobular domain region of aggrecan core protein, and are deeply involved in the pathology of arthritic joint diseases such as osteoarthritis \[[@CR9]--[@CR11]\]. That ADAMTS-9 was observed even in control medium without Hb suggests that it may contribute to normal cartilage turnover. These findings indicate that Hb induce ADAMTS-5 and -9 expressions by human synovial cells at an early phase, even at low doses, after Hb-treatment. We could detect neither ADAMTS-8, which has been reported to cleave aggrecan core protein as well at Glu373-Ala374 \[[@CR10], [@CR12]\], nor ADAMTS-10 by Western blotting in the present study \[Fig. [2a and b](#Fig2){ref-type="fig"}\].

Although the pathomechanisms of blood-induced joint degeneration and degradation are still elusive, several pathomechanisms have been suggested via both enzymatic and non-enzymatic processes, such as by expression of neutrophil elastase \[[@CR24]\], uPA \[[@CR4], [@CR25]\], gelatinases \[[@CR26]\], cytokines \[[@CR27]\], calpain \[[@CR28]\], and hydroxyl radicals \[[@CR29]\] produced by inflamed synovial cells and inflammatory cells. Hb is a potent inflammatory substance that can produce a tissue response \[[@CR30]\]. It is well known that hydroxyl radicals which can destroy cell membranes were produced by catalytically active iron from Hb via Fenton reaction \[[@CR31]\]. On the other hand, there are other pathways that can enzymatically degrade the extracellular matrix of articular cartilage. Of the components of Hb, only the globin chain stimulates fibrinolytic activity, while protoporphyrin IX and heme do not \[[@CR13]\]. Once aggrecan was degraded, elasticity of the articular cartilage was disappeared, and the joint shows similar condition to the initial stage of osteoarthritis \[[@CR8], [@CR9]\]. The enzymatic depletion of aggrecan is caused by members of the MMPs and ADAMTS family proteins \[[@CR10], [@CR11], [@CR32]\]. Previously, ADAMTS-5 was also shown to play an important role in proteoglycan turnover and cartilage degeneration \[[@CR33], [@CR34]\]. uPA is able to convert plasminogen to plasmin, which can also cleavage extracellular matrix components \[[@CR4]\]. In addition, plasminogen-plasmin system including uPA are also able to activate several MMP family enzymes. Therefore, the combination of the plasminogen-plasmin system, MMPs, and ADAMTS family enzymes could strongly degrade extracellular matrix. Previously, Hb was found to induce the expressions of uPA, MMP-2, and MMP-9 by fibroblasts \[[@CR4]\]. Increased levels of aggrecanases, gelatinolytic and fibrinolytic enzymes following Hb stimulation may, at least in part, contribute to degradation of extracellular matrix of articular cartilage.

It has been reported that exposure of human cartilage tissue to low concentrations of blood for as little as 2 days leads to prolonged cartilage damage \[[@CR3]\]. Our results suggest that the deleterious effects of Hb on cartilage may occur in an acute phase at 6 h after exposure to blood due to the presence of ADAMTS-5 and -9. The present study aimed to gather information regarding the thresholds of Hb concentration and the time that is responsible for ADAMTS gene expression. We already reported that the peak expressions of gelatinases MMP-2, MMP- 9, and uPA by Hb-treated human synovial cells occurred at 24--48 h \[[@CR4]\]. Combined with the results of the present study, it appears that Hb stimulates the expression of MMP-2 and -9, ADAMTS-5 and -9, and uPA from synovial cells in the early stage. The combination of these enzymes may contribute to articular cartilage degeneration after intra-articular hemorrhage.

Our results demonstrated that Hb acutely induced ADAMTS-9 mRNA without enhancing the mRNA level of ADAMTS-5 \[Fig. [5a and b](#Fig5){ref-type="fig"}\]. Although there was a slight time lag when we compared the results of the peak immunoreactivity against ADAMTS-9 with peak mRNA expression, the mRNA expression of ADAMTS-9 at 12 and 24 h after Hb-treatment was significantly higher than that of the control \[Fig. [5b](#Fig5){ref-type="fig"}\]. Previously, Yoshida et al. reported that Hb enhances the synthesis of uPA through post-transcriptional regulation of mRNA \[[@CR13]\]. Moreover, ADAMTS-5 is expressed constitutively in synovium with no or little transcriptional regulation when activated by recombinant human interleukin-1 alpha \[[@CR35]\]. Thus, it is possible that separate stimulation pathways and mechanisms could exist between ADAMTS-5 and -9 when they are treated by Hb. Further investigations to clarify the mechanism by which Hb stimulates the expression of ADAMTS family members in vivo and in vitro are required.

It is well known that two major proteinases in the ADAMTS family are the capital enzymes contributed in the pathogenesis of arthritis: ADAMTS-4 and ADAMTS-5 called aggrecanase-1 and aggrecanase-2, respectively \[[@CR8]--[@CR11], [@CR36]\]. Recently, synovial fibroblasts have been reported to provide the higher levels of ADAMTS-4 in osteoarthritis \[[@CR37]\]. Although these enzymes are the principal aggrecanases those present in cartilage, previous in vitro study showed ADAMTS-5 is 1000-times more effective than ADAMTS-4 \[[@CR38]\]. In animal model of arthritis, ADAMTS-5 alone is the critical enzyme to contribute for joint destruction were also reported \[[@CR39], [@CR40]\]. Thus, ADAMTS-5 may be an important target for therapeutic inhibition to prevent articular cartilage degeneration.

New therapies based on reducing or inhibiting the levels of ADAMTS-5 using an anti-ADAMTS-5 antibody in animal models of osteoarthritis have been reported \[[@CR34], [@CR41], [@CR42]\]. Given the results of the present study, we suggest that provision of both anti-ADAMTS-5 and -9 antibodies into the joint at the early phase after intra-articular hemorrhage could be a superior therapeutic option to prevent the cartilage degeneration.

Conclusions {#Sec15}
===========

Our results suggest a possible role for Hb in joint damage after intra-articular hemorrhage. Hb induces the expression of ADAMTS family proteinases such as ADAMTS-5 and -9 by synovial cells at low doses even at an acute phase. These findings suggest that a single instance of intra-articular hemorrhage during trauma or sports injury could deleteriously affect articular cartilage metabolism. Immediate treatment for intra-articular hemorrhage, such as washing out and removing the blood from the joint cavity, may be required regardless of whether it occurs once or multiple times. Moreover, it could be possible that inhibiting the activities of ADAMTS-5 and -9 together may serve as a superior therapeutic strategy to prevent cartilage damage after intra-articular hemorrhage.
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